One of the most common structural motifs in RNA-binding proteins is the RNA-binding domain (RBD). These domains share a common a/b sandwich tertiary fold, and are highly conserved, though they bind diverse RNA targets with a wide range of binding af®nities. The N-terminal RNA-binding domain (RBD1) of the human U1A protein binds speci®cally to stem/loop II of the U1 snRNA with sub-nanomolar af®-nity. Solvent-exposed aromatic residues on the b-sheet surface are highly conserved among RBD domains; in RBD1, these are Tyr13 and Phe56, with a unique Gln at position 54. Effects of substitutions at these positions were examined using energetic pairwise coupling to describe the communication between these residues in both the free and RNA-bound states of the protein.
Introduction
The RNA-binding domain (RBD), also known as the RNA recognition motif (RRM), or ribonucleoprotein domain (RNP), is the most widely found and best characterized RNA-binding motif (Sillekens et al., 1987; Bandziulis et al., 1989; Birney et al., 1993; Dreyfuss et al., 1993; Burd & Dreyfuss, 1994a) . The RBD domain is typically present in the context of a larger protein, whether it is as a single copy or multiple copies (Keene & Query, 1991; Dreyfuss et al., 1993) , and has been identi®ed as the site of interaction with the RNA substrate for many proteins. These domains can speci®cally recognize their RNA targets with wide variations in binding af®nities. Several of these RBDs have been characterized structurally (Nagai et al., 1990; Wittekind et al., 1992; Lee et al., 1994; Lu & Hall, 1997; Shamoo et al., 1997; Xu et al., 1997) ; the domain consists of about 90 amino acid residues, with a bab-bab secondary structure topology that adopts an a/b sandwich tertiary fold. The four b-strands form a single antiparallel b-sheet; the two helices are packed against one face of the sheet. Though the structure of the RBD protein is conserved, there are no structural similarities among RNA substrates.
Numerous amino acid positions are well conserved in RBDs, though there is low sequence identity throughout the domain (Birney et al., 1993) . Several conserved hydrophobic amino acid residues are interspersed throughout the sequence, de®ning a portion of the hydrophobic core in the interface between the helices and the b-sheet. Two highly conserved sequences, the RNP-2 hexamer and RNP-1 octamer regions (Bandziulis et al., 1989) , are located on the two central b-strands, b1 and b3, respectively; their sequences and their positions in the structure are characteristic of the RBD domain. Three of the solvent-exposed amino acids in b1 and b3 are highly conserved as aromatic residues, with a 70% occurrence of either a tyrosine or phenylalanine among the more than 100 RBDs that have been identi®ed. For several RBD:RNA interactions, the non-polar b-sheet has been shown to be the RNA-binding surface with stacking between the conserved aromatic amino acid residues and nucleotide bases Oubridge et al., 1994; Stump & Hall, 1995; Lee et al., 1997) .
The most well characterized of all RBD domains is the N-terminal RBD (RBD1) of the human U1A protein. The isolated RBD1 domain binds to stem/ loop II of the U1 small nuclear RNA(snRNA; Scherly et al., 1989) , and to a short RNA hairpin with very high af®nity and speci®city (Jessen et al., 1991; Hall & Stump, 1992; Hall, 1994) . It also binds to its own mRNA 3 H UTR, where it is involved in regulating polyadenylation of the U1A pre-mRNA van Gelder et al., 1993; Gubser & Varani, 1996) . The structures of the free RBD1 domain and the hairpin RNA:RBD1 complex are known (Nagai et al., 1990; Oubridge et al., 1994; Avis et al., 1996) ; the interaction between RBD1 and this RNA hairpin has been studied by molecular biology and biochemical techniques (Scherly et al., 1989 (Scherly et al., , 1990 Lutz-Freyermuth et al., 1990; Boelens et al., 1991; Jessen et al., 1991; van Gelder et al., 1993) , and by thermodynamics (Hall & Stump, 1992; Hall, 1994; Hall & Kranz, 1995; Kranz et al., 1996; Williams & Hall, 1996; Zeng & Hall, 1997; Kranz & Hall, 1998) . Together, these studies show that the RNA loop interacts with the b-sheet, where two of the conserved aromatic residues, Tyr13 and Phe56, stack with bases of the RNA. The third, normally conserved position in RBD1 is occupied by a glutamine residue (Figure 1(a) ). Substitutions of Gln54 have previously been shown to affect RNA-binding af®nity (Jessen et al., 1991) , although no direct interaction is observed in the co-crystal between the RNA and Gln54 (Oubridge et al., 1994) . It is also known that amino acid residues in loop3 are among those residues that provide nucleotide-speci®c contacts. The energetics of RNA:RBD1 association cannot be described as an additive sum of individual interactions (Hall, 1994; Hall & Kranz, 1995; Kranz & Hall, 1998) . RNAbinding involves conformational changes in both the RNA and the protein, burial of a hydrophobic surface, and energetic coupling between disparate regions of the protein.
To understand how RBDs can direct speci®c RNA recognition, it is necessary to de®ne how both conserved and non-conserved regions are used to discriminate between possible RNA targets. Given that the conserved b-sheet is the RNA-binding surface, it has been dif®cult to demonstrate how these domains mediate speci®city, or to discern if there is a common mechanism for speci®c RNA recognition among RBD domains. While speci®c amino acid side-chains necessarily are determinants for RNA recognition, other more subtle differences in structures and thermodynamics may also control discrimination, such as conformational changes and protein dynamic motions, protein stability, or networks of interactions across the RNA-binding surface. Figure 1 . RBD1 of the human U1A protein, and the wtRNA hairpin based on stem/loop II of the U1 snRNA. (a) Ribbon diagram of RBD1 generated with MOLMOL (Koradi et al., 1996) , with Tyr13 (on b1), loop3, Gln54 and Phe56 (on b3) displayed in dark shading, from the co-crystal structure coordinates in 1urn.pdb from the Brookhaven Data Base; the coordinates for the RNA are not displayed. (b) Sequence of the RNA hairpin used in binding assays; loop nucleotides are numbered, beginning with the ®rst nucleotide on the 5 H side of the loop.
In these experiments, we have introduced mutations at the three conserved b-sheet positions of the human U1A RBD1 to understand the function of the two aromatic amino acid residues, Tyr13 and Phe56, in RNA recognition and to understand why this domain requires a glutamine at position 54. The effects of mutations on both protein stability and RNA-binding free energy are analyzed together in thermodynamic cycles to determine the energetic coupling between these positions. In addition, using NMR spectroscopy, measurements of amide 15 N relaxation were made for several RBD1 variants to observe how the physical properties of the protein change in response to the b-sheet substitutions. By combining the analysis of thermodynamic cycles with backbone dynamics measurements, we have identi®ed how conserved residues on the surface of the b-sheet communicate with loop3 in the absence of the RNA, and how the energetics of these interactions change through local cooperativity in response to RNA-binding. This network of cooperative interactions enables RBD1 to couple conserved and non-conserved amino acids to create a unique RNA-binding surface.
Results

Stability of RBD1 domains
The standard free energy for protein folding, ÁG folding , was determined for each of the RBD1 variants by chemical denaturation ( Figure 2) ; results are given in Table 1 . The wild-type RBD1 domain, wt101, has ÁG folding À 8.5 (AE0.6) kcal/ mol, with the transition midpoint occurring at a guanidine hydrochloride (GdnHCl) concentration of 3.80 M. Of the mutations to the three b-sheet positions, 13, 54, and 56, only one RBD1 variant, 101(Q54N) is destabilizing, causing a loss of 0.6 kcal/mol of folding free energy, despite the conservative nature of the Gln to Asn substitution. The majority of changes observed in protein folding free energies are small, and no consistent pattern is apparent among the different types of substitutions made to these solvent-exposed positions. For example, the singly substituted proteins 101(Y13F) and 101(F56W) are stabilized relative to wt101; when these two mutations are combined in 101(Y13F,F56W), they confer only a marginal stabilization over wt101, less than either of the single substitutions. The 101(Y13F,F56Y) RBD1 variant is stabilizing, similar to that of the Y13F substitution alone, despite the fact that this doubly substituted protein has the same amino acid content as wt101. Finally, the Y13F substitution is stabilizing when introduced singly, or in combination with the F56Y substitution, but has only a small effect when introduced with either Glu or Asn at position 54. Because the mutations involve residues that are on the surface of the protein, we postulate that perturbations cause a change in the pattern of side-chain interactions that propagate across the b-sheet surface, and thus describe a change in stability of the native state. However, we do not exclude the possibility that a change in stability originates in the unfolded state. The generality of the thermodynamic analysis does not depend on assigning stabilization to either native or denatured states of the proteins.
RNA binding affinity for RBDs
The standard free energies for RNA-binding were determined for each of the different RBD1 variant domains (Table 2) . RNA-binding af®nities are determined from nitrocellulose ®lter binding ) is plotted as a function of GdnHCl (mol/l) for 101(Y13F). Shown are two separate data sets, each composed of duplicate experiments. Denaturation curves were generated from the global non-linear leastsquares ®t as described in Materials and Methods (results of ®t are given in Table 1 for all RBD1 variants). (Pace, 1986) .
Thermodynamics and Dynamics of RNA:RBD1 Binding experiments, using the wtRNA hairpin sequence (Figure 1(b) ) for all binding assays. This substrate has been shown to be suf®cient for high-af®nity recognition by the RBD1 domain of the U1A protein (Scherly et al., 1989; Lutz-Freyermuth et al., 1990; Nagai et al., 1990; Jessen et al., 1991; Hall & Stump, 1992) . The dissociation constant for binding of wt101 to the RNA hairpin is sub-nanomolar, with ÁG binding À13.9 (AE0.1) kcal/mol (in 150 mM NaCl, 10 mM sodium cacodylate (pH 7), 1 mM MgCl 2 , 22 C). With the exception of 101(F56W), which has the same af®nity for the RNA hairpin as wt101, all mutations used in these experiments result in a loss of binding af®nity.
RNA-binding was measured for each single mutant and the double mutants of RBD1. As shown previously (Kranz & Hall, 1998) , the Y13F substitution results in a loss of 2.7 kcal/mol of binding free energy. When the Y13F and F56W mutations are introduced simultaneously, the loss of binding free energy is the same as is observed for the single Y13F substitution. This suggests that a tryptophan may replace Phe56 with no change in binding af®nity, independent of the residue occupying position 13. However, when tyrosine is used as a probe of position 56, the F56Y single substitution causes a loss in ÁG binding of 1.4 kcal/mol; together, the Y13F and F56Y substitutions in 101(Y13F,F56Y) , result in a loss of 6.0 kcal/mol of binding free energy. The loss of RNA-binding free energy for these substitutions in RBD1 is clearly not additive.
Perturbations at Gln54 have the same effect on binding af®nity whether glutamate or asparagine is introduced; in both 101(Q54E) and 101(Q54N), a single mutation at Gln54 results in a loss of 6.8 kcal/mol of binding free energy, an extremely large effect, given the conservative nature of these substitutions. When double mutations are made to both Tyr13 and Gln54 , in the 101(Y13F,Q54N) and 101(Y13F,Q54E) proteins, there is a loss of 7. 1 and 7 .3 kcal/mol in binding free energy, respectively. The effect of combining Tyr13 and Gln54 mutations is again not additive, although here the Y13F substitution reduces the effect of Gln54 in the double mutant.
Thermodynamic cycles
Examining the effects of mutations to Tyr13, Gln54, and Phe56 simply in terms of changes in either ÁG folding or ÁG binding provides limited functional information. The non-additivity of their energetic contributions to protein stability and RNA-binding indicates that the state of each site is dependent on the state of the others, and may also include other (unidenti®ed) sites. Since these sites are not independent, pairwise coupling analysis is applied here as a means of de®ning the linkage between these conserved b-sheet positions and RNA-binding. The use of double mutant cycles to de®ne pairs of linked (energetically coupled) amino acid residues was extended to include effects of additional amino acid sites (Horovitz & Fersht, 1990) . In this application, the de®nition of a site is expanded to include mutations in the protein and binding of an RNA; in the formalism of the thermodynamics, these sites are equivalent. The data are analyzed in three-dimensional (3D) cycles to determine the linkage between amino acid residues and RNA-binding, following the formalism of Di Cera (1998).
The change in interaction free energy resulting from perturbations at two sites is the pairwise coupling free energy, ÁG c . Non-zero values of ÁG c indicate energetic coupling between sites. A positive value of ÁG c indicates a loss of interaction energy, or negative local cooperativity; a negative ÁG c indicates an enhanced interaction energy in response to the perturbations, or positive local cooperativity. If two sites are directly coupled, the value of ÁG c is independent of the rest of the system. In the case of indirect coupling, the pairwise coupling free energy between two sites is dependent on at least one other element of the system. The type of coupling between two sites, either direct or indirect, can be determined by examining values of ÁG c in a system involving at least three sites.
Four 3D thermodynamic cycles are generated (Table 3 ) from values of ÁG folding and ÁG binding for RBD1 variants. For conceptual purposes, the ®rst perturbation in the cycle is de®ned as the Y13F substitution, the second perturbation is a substitution at either Gln54 or Phe56, and the third perturbation is de®ned as RNA-binding. The results are summarized in Table 3 , where the left column Table 2 . RBD1 thermodynamics and RNA binding af®-nities
binding is the standard binding free energy for the binding of RBD1 to the 26 nucleotide RNA hairpin (Figure 1(b) ), determined from measurements of the dissociation constants. Experimental errors were minimized by using identical solutions in all binding experiments; errors on binding free energies re¯ect the uncertainty in the data, not the errors associated with the ®tting of data to the Langmuir isotherm. Standard conditions are 150 mM NaCl, 1 mM MgCl 2 , 10 mM sodium cacodylate (pH 7.0), at 22 C. b Values of ÁG binding for the Q54 mutant RBDs and for the Y13F,F56Y double mutant were measured in 75 mM NaCl and have been corrected based on a constant, linear dependence of log(K D ) on log [NaCl] (identical for all RBD1 variants; data not shown), as described in Materials and Methods. The free energies that are reported are for RNA af®nities corrected to 150 mM NaCl.
of pairwise coupling free energies, 0 ÁG c , shows the change in local cooperativity between a given pair of perturbations when the third site is unperturbed; the column of pairwise coupling free energies on the right, 1 ÁG c , shows the local cooperativity between that same pair in the background of a perturbation at the third site. The difference, ( 1 ÁG c À 0 ÁG c ), re¯ects the additional coupling between all three sites; this difference is by de®-nition constant for a given thermodynamic cycle.
The ®rst thermodynamic cycle (Cycle 1) describes the coupling between Y13F, F56W, and RNA-binding. The pairwise coupling free energy that describes the change in binding free energy due solely to the F56W substitution, 0 ÁG c (F56W/Binding) 0.1, shows that tryptophan is an isoenergetic substitution for Phe56 in terms of RNA-binding free energy. In the context of the Y13F substitution, the effect of the F56W substitution on binding free energy is It is important to note that both tryptophan and tyrosine are conservative substitutions for Phe56, assuming that the aromatic character of the residue is to be preserved. However, the response of the system shows that only tryptophan is a``neutral'' substitution, indicating that another feature of the residue is contributing to its function in this context.
The remaining thermodynamic cycles have a common substitution at Gln54, in addition to the Y13F substitution and RNA-binding. The pairwise coupling free energies are essentially identical, independent of whether Q54E or Q54N is used to probe position 54, and so only data for Y13F/Q54E are described. The individual effect of the Q54E Figure 3 . A schematic of a two-dimensional thermodynamic cycle, indicating the nomenclature used throughout the text. The coupling free energy, ÁG c ÁG ij is calculated from the difference ÁG ij Coupling free energies were computed as described in the text. All thermodynamic cycles involve the Y13F substitution as the perturbation to the ®rst site, with varying amino acid substitutions to position 54 or 56 as the perturbation to the second protein site, and RNA-binding as the third perturbation. Errors on ÁG c values are AE0.2 kcal/mol when RNA-binding is used as one perturbation, and AE0.6 kcal/mol when both perturbations are amino acid substitutions.
substitution on binding free energy is large, with 0 ÁG c (Q54E/Binding) 6.8 kcal/mol. In the background of a Y13F substitution, the loss of binding free energy due to the Gln54 substitution is reduced, with 1 ÁG c (Q54E/Binding) 4.6 kcal/mol. In the background of the Q54E substitution, the effect of the Y13F substitution on binding af®nity is almost negligible, for 
NMR spectroscopy
To supplement the thermodynamic description of local cooperativity among residues, the structures of the variants were compared using (Avis et al., 1996) , and it was possible to make sequence-speci®c assignments from the mutant RBDs based solely on sidechain spin systems, using N-1 H cross-peak chemical shifts resulting from mutations are primarily localized to amino acid residues in loop3 and the side-chain N d2 H 2 of Gln54. Notably, some of these changes are quite large relative to their positions in the wt101 spectrum, and are conserved among the mutants (Figures 4 and 5) . Chemical shifts of Ser46, Leu49, and Lys50 in loop3 are the same in spectra of all RBD1 variants ( Figure 5) ; for example, the Leu49 peak is shifted relative to wt101 by À0.97 (AE0.03) ppm ( Changes observed in loop3 (Ser46-Gly53) do not propagate into either b2 or b3-strands, with the exception of the backbone amide resonance at position 54 in the 101(Q54E) domain ( Figure 5 ). These data indicate that the conformation of loop3 has changed upon substitution at any of the three conserved b-sheet positions. The consistent pattern observed for loop3 amide chemical shifts among the four mutant proteins suggests that a similar structural change has occurred independent of which of these perturbations is introduced into the protein.
Listed in Table 4 The implication is that there is an alternative network of stable side-chain interactions formed on the surface of the b-sheet, even though the new hydrogen bond acceptor cannot be identi®ed directly by these experiments.
The HSQC spectrum of 101(F56Y) is unique in that there are also multiple resonances observed for backbone amides of Lys50 (loop3) and of three residues in the linker between b4 and the C-terminal helix (Thr89, Ser91, and Asp92). Large chemical shift differences are observed for the two Lys50 amide groups (Figure 4(b) ); one cross-peak closely matches the Lys50 peak in other RBD1 variants (compared with Figure 5 ), while the other corresponds to the Lys50 resonance in wt101.
The chemical shift changes observed here in loop3 backbone amide groups and Gln54 sidechain amine groups show clearly that mutations at Tyr13 and Phe56 on the surface of the b-sheet can alter the conformations of Gln54 and loop3 in the free protein.
Backbone dynamics
To further characterize the effects of b-sheet substitutions on the physical properties of this domain, 15 N relaxation measurements were collected on 101(Y13F), 101(F56Y), 101(Y13F,F56Y), and 101(Q54E). The backbone dynamics of the wildtype RBD1 have been described (Kranz et al., 1996; Lu & Hall, 1997) , using the model of isotropic tumbling. Since the inertial tensor will not differ in the wt101 and these variants, this model was also used for these analyses. To avoid the non-speci®c selfassociation that manifests itself as an increase in linewidth, relaxation experiments were performed at 0.5 mM concentrations of RBD1 variants. Values of T 1 , T 2 , and NOE for amino acid residues in the RBD1 variants are consistently similar to wt101 (Kranz et al., 1996; Lu & Hall, 1997) throughout the entire sequence, including the N-terminal and C-terminal regions. Deviations from average values of relaxation parameters within the wt101 protein itself were previously noted, particularly in loop3 (between b2 and b3) and in loop5 (between a2 and b4); NOE values for amino acid residues 89-97 and the C-terminal helix are reduced signi®cantly from the average NOE for all other secondary structural elements in the wt101 domain. Similar patterns are observed in T 1 , T 2 , and NOE data for the RBD1 variants. In common among RBD1 variants are longer T 1 and T 2 relaxation times and reduced NOE values for backbone amides in loop3, and to some extent in loop5, consistent with an increase in local mobility relative to wt101. On average, values of T 2 relaxation times for backbone amides in the RBD1 variants are longer and more variable relative to wt101 amides.
Model-free analysis of relaxation data
Backbone amide dynamics are described by the Lipari and Szabo model-free formulation (Lipari & Szabo, 1982a,b) , with the extension of this formalism that includes two time scales of motion of the N-H bond vector (Clore et al., 1990a,b) .
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N T 1 , T 2 , and NOE backbone relaxation data (Dellwo & Wand, 1989) are analyzed using ®ve dynamical models (Farrow et al., 1994a ) that calculate the overall correlation time and describe the dynamics of each backbone amide. These dynamic motions are described by a generalized order parameter, S 2 , an effective correlation time for internal motion, t e , and in some cases an exchange term, R ex , for pseudo-®rst-order exchange processes that contribute to transverse relaxation. For some residues, ®tting of relaxation data required inclusion of motion on two time scales; in those cases, t s , S 2 f , and S 2 (the product of S 2 f and S 2 s ) are presented. Model selection criteria have been discussed (Farrow et al., 1994a; Lu & Hall, 1997) .
Overall correlation times for the four RBD1 variants calculated from T 1 , T 2 , and NOE relaxation data agree well with values predicted from the Stokes-Einstein equation, as expected from previous analysis of wt101 relaxation (Lu & Hall, 1997) . The values are 7.6(AE0.5) ns for wt101; 6.71(AE0.61) ns for Y13F; 6.02(AE0.65) ns for F56Y; 6.22(AE0.45) ns for Y13F,F56Y; and 5.89(AE0.65) ns for Q54E.
Values of the generalized order parameter are plotted as a function of the amino acid sequence for RBD1 variants ( Figure 7) ; overlaid on each plot are values of S 2 for wt101 for comparison. As expected, order parameters for the N-terminal (A2-H10) and C-terminal (K98-F101) regions of the RBD1 variants sharply decrease, consistent with them being¯exible termini. Within secondary structural elements, there is good agreement between order parameters for wt101 and any given RBD1 variant. All six canonical secondary structural elements (b1-4, a1, and a2) together give an average S 2 of 0.85(AE0.04) in wt101. Notably, the third helix beyond the boundaries of the canonical RBD domain (S91-M97) has a reduced average value of S 2 0.68(AE0.07). The reduced order parameters for the entire C-terminal tail region are consistent with previous data showing that the C-terminal helix is independent of the RBD domain in its contribution to protein stability (Kranz & Hall, 1998) . The order parameters for residues linking the end of b4 with the C-terminal helix are smaller still, suggestive of a hinge between the third helix and the canonical RBD domain. The order parameters for the RBD1 variants are generally similar to wt101 within these secondary structural elements, though there is an increased number of residues interspersed throughout the sequence of each mutant with S 2 values that are smaller than average, particularly for the 101(F56Y) protein (Figure 7(b) ).
Comparing the dynamics of RBD1 variants to wt101, the most consistent differences in S 2 values occur in loop3, where motion of the N ±H bond vectors appears less restricted throughout the loop The two residues in the middle of the loop, Leu49 and Lys50, exhibit the largest changes in their order parameters; notably, these two residues also had the largest change in backbone chemical shifts in response to the perturbations ( Figure 5 ). Order parameters for loop1 (between b1 and a1) as well as loop5 (between a2 and b4) also indicate some increased¯exibility, most notably in 101(Y13F) and 101(F56Y) proteins (Figure 7(a) and (b) ), and to a lesser extent in 101(Q54E) protein (Figure 7(d) ).
More amide residues in the mutants appear to require either exchange terms (R ex ) or the extended spectral density model to describe their motions. In each of the mutant RBD1 domains, residues in both loop1 and loop3 (and to some extent, loop5) require two time scale motion to ®t their relaxation data (Figure 8) . The time scale of the motion in loop3 switches from ms-s in wt101 (from ®tting T 2 with an R ex term), to ns in each of the mutant RBD1 domains (based on t s and t f from the extended model of spectral densities). Loop1 amides in wt101 are well described by the simple two-parameter model; in the RBD1 variants, the motion of this loop is more complex. Since both loop1 and loop3 exhibit similar types of motion, the additional mobility observed in loop3 in response to the mutations may also affect loop1 mobility through either steric interactions or speci®c side-chain interactions between the two loops. The 101(F56Y) protein in particular has several additional amides in b3 and a2 that require exchange terms.
Discussion
Highly conserved, solvent exposed residues in RBD1 of the human U1A protein communicate through a network of interactions on the surface of the b-sheet. Thermodynamic analysis of the system shows that the three b-sheet residues in RBD1, Tyr13, Gln54, and Phe56 communicate with each other, and with other regions of the domain, in both the free protein and when bound to RNA. The cooperative interactions between all three positions are present in the free protein, but the energy associated with them is small; introducing amino acid substitutions at these positions does not signi®cantly alter protein stability. However, the presence of these interactions in the free protein is functionally signi®cant, allowing them to respond to RNA-binding through changes in the interaction energy among all three positions. NMR data show that the network of cooperative interactions between these b-sheet residues extends to a¯exible loop, ultimately affecting RNA recognition. These results explain the phylogenetic conservation of these amino acid residues in RBD1, and provide a model for analysis of other RBD proteins.
Structure and thermodynamics
Based on available structural information, there are no direct hydrogen bonds that mediate sequence-speci®c interactions between the hairpin RNA and Tyr13, Gln54, and Phe56 (Oubridge et al., 1994) . The two aromatic amino acid residues each stack with nucleotide bases (nucleotides are numbered as in Figure 1(b) ): Tyr13 stacks with the base of C5; Phe56 stacks with A6, which in turn stacks with the base of C7; these two aromatic amino acid residues also stack with each other, presumably through a favorable hydrophobic interaction. Hydrogen bonds are observed between the C-terminal tail region of the RBD1 domain (Thr89-Asp92) and the nucleotide bases C5, A6, and C7. Nucleotide-speci®c recognition of the loop-closing C ÁG base-pair and A1 is mediated by hydrogen bonds from both backbone and side-chain residues in loop3 (between b2 and b3), particularly from Arg52. This long loop is¯exible in the free protein Figure 8 . Plot of (a) R ex , (b) t s , and (c) S 2 f for RBD1 variants, calculated from the data as described (Materials and Methods); wt101, inverted, ®lled triangles; 101(Y13F), circles; 101(F56Y), squares; 101(Y13F,F56Y), diamonds; 101 (Q54E), triangles. (Lu & Hall, 1997 ), but appears to adopt a speci®c conformation in the complex (Oubridge et al., 1994) . In the complex, there appear to be hydrogen bonds between two of its backbone carbonyl groups (Lys50 and Arg52) and the side-chain N d2 H 2 of Gln54; the side-chain carbonyl of Gln54, in turn, hydrogen-bonds with the hydroxyl of Tyr13.
We can interpret the thermodynamic data in terms of these structural data, and also in reference with the NMR data that describe the RBD1 variants. The interaction network between Tyr13, Gln54, and loop3 was inferred from the co-crystal data, but there were no data that described these interactions in the free protein. The local cooperativity measured from the thermodynamic cycles shows that Tyr13, Phe56, and Gln54 are linked in their contributions to protein stability. Their local cooperativity is enhanced when the RNA is bound, indicating that these residues are linked in the complex, as well. One caveat in the interpretation of thermodynamic data where there is evidence of cooperativity among residues, is that the linkage may extend beyond pairwise coupling. The NMR data show that for RBD1 this is clearly the case; one result of mutations at position 13 and 56 is that the residues in loop3 are affected. Thermodynamically, this is an example of indirect coupling, since the coupling between residues 13 and 56 is dependent on the state of the residues in loop3, as well as on the state of residue 54. The involvement of loop3 in the linkage between Tyr13, Phe56, and Gln54 could not be determined from these thermodynamic measurements; however, based on the NMR data, it is apparent that other sites in loop3 must now be considered in the network of cooperative interactions in the protein, and would be sites to probe in subsequent thermodynamic analyses.
In terms of a physical picture, we propose that the side-chain carbonyl oxygen of Gln54 is hydrogen bonded to the Tyr13 hydroxyl group in the free wt101 protein, as determined from the co-crystal structure. When a tyrosine is introduced at position 56, the Gln54 side-chain can hydrogen-bond to it as well; as a result, the hydrogen bonding arrangement between loop3 and Gln54 (through its amino group) also changes, and thus there are two distinct Gln54 N d2 H 2 pairs corresponding to two hydrogen-bonding pathways (as observed in the 15 N HSQC spectrum of the F56Y variant). The NMR data show that the conformation of loop3 is altered by the formation of this new network of hydrogen-bonding interactions that tie the loop to the b-sheet surface. The 101(F56Y) variant also has two resonances from the Lys50 backbone amide, indicating slow conformational exchange on the NMR time scale; its other loop3 backbone amides show only one resonance, suggestive of more rapid exchange between states. In fact, the 15 N amide dynamics show that backbone motions in loop3 are more rapid in the mutants. The thermodynamic and NMR data together suggest that Gln54 utilizes its interaction with Tyr13 as an anchor, conferring stability to the interaction between Gln54 and loop3 .
From the co-crystal data, hydrogen-bonding interactions were reported from the Gln54 sidechain amino group to the backbone carbonyl oxygens of residues Lys50 and Arg52 in loop3. However, the backbone amide groups that are most sensitive to mutations of Gln54 (and Tyr13 and Phe56) are those from Lys50 and Leu49; the Lys52 backbone amide 15 N chemical shift is perturbed to a lesser extent. Chemical shift changes of the amide groups of Leu49 and Lys50 are consistent with a conformational change in loop3 in response to mutations. However, it is possible that in the free protein, the Leu49 and Lys50 backbone carbonyl oxygens are the hydrogen bond acceptors for the Gln54 amino group, and the large chemical shift changes of their amide 15 N indicate a disruption of these contacts. Perhaps there is a correlation to the observation that Leu49 has been found to be critical for RBD1:RNA speci®city (Laird-Offringa & Belasco, 1995), if we can speculate that its sidechain con®guration is such that it facilitates formation of these interactions.
The function of the third conserved aromatic group, Phe56, in RNA recognition is a simple one in this system, contributing af®nity for RNA through non-speci®c stacking of the aromatic ring with nucleotide bases. While both the F56Y and F56W substitutions are energetically coupled to Tyr13 in the free protein, the F56W substitution was not coupled to binding. However, the F56Y substitution introduced new interactions that interfered with the ability of RBD1 to bind RNA. The NMR data for the 101(F56Y) and 101(Y13F,F56Y) proteins provided a physical picture of what we could postulate from the thermodynamic cycles; a tyrosine at position 56 can also interact with Gln54, thereby disrupting the interaction between Gln54 and Tyr13, and in addition, to loop3.
The distribution of loop3 conformations affects RNA affinity
Though backbone dynamics of RBD1 when bound to the RNA hairpin have not been determined, structural data on the complex suggests that the¯exibility of loop3 becomes restricted when bound to RNA. This loop is disordered in the crystal structure of the free RBD1 domain (Nagai et al., 1990) and in solution, the 15 N dynamics data show a slow time scale motion of loop3 in wt101, suggesting that it undergoes slow conformational exchange in the free protein (Lu & Hall, 1997) . In the co-crystal (Oubridge et al., 1994) , loop3 adopts a single 3-10 helical turn that is anchored by hydrogen bonds to Gln54, and forms nucleotide-speci®c hydrogen bonds with the loopclosing CÁG base-pair, and the base of A1.
It is apparent that there has been a localized change in the dynamics of these mutant RBD1 domains, restricted to loop3. While there could be other contributions to the measured relaxation (e.g. local anisotropic motion), the simplest explanation of the observed changes in relaxation behavior is that loop3 in these mutants is less constrained and can now undergo more rapid motions. The thermodynamic prediction is that the weaker binding of these RBDs to RNA will be associated with a large entropic penalty due to constraining a¯oppy loop. Loop3 must be able to undergo a conformational change upon binding the RNA, and several residues have motions on a ms time scale (R ex terms) in the wt101 protein. However, in the mutants, these residues all have considerably faster time scales of motion, with correspondingly smaller order parameters. There has been some attempt to correlate order parameters with con®gurational entropy (Akke et al., 1993; Li et al., 1996; Yang & Kay, 1996) ; this combination of thermodynamic and dynamic analyses may provide a model system for these calculations.
The data all indicate an induced ®t mechanism for RNA recognition by RBD1. It is known that the RNA undergoes conformational changes upon binding the protein (Hall, 1994; Gubser & Varani, 1996) ; the observed heat capacity of binding estimated by van't Hoff analysis also suggests that changes in the distribution of conformations in both molecules may accompany binding (Spolar & Record, 1994; Hall & Kranz, 1995; Williams & Hall, 1996) . Part of the ability of this domain to discriminate between different nucleotide bases by loop3 may be the requirement that these interactions be able to compensate for the entropic cost of restricting this loop to a single conformation. In this model, local cooperativity (energetic coupling) extends from Tyr13 through loop3, and between loop3 and the RNA. The implication of this shared cooperativity is that in addition to having the correct hydrogen bonding donors and acceptors on nucleotide bases, the ability to discriminate among various RNA sequences is a function of the network of cooperative interactions from the RNA through Tyr13.
The extended mechanism of RNA recognition
The minimal sequence elements in the RNA required for high af®nity binding by the wt101 domain are the C ÁG loop-closing base-pair and the ®rst seven nucleotides on the 5 H side of the loop (A1-C7, Figure 1(b) ; Hall, 1994; Hall & Kranz, 1995; Williams & Hall, 1996) . Loop3 is involved in recognition of the loop-closing C ÁG base-pair and A1 of the RNA loop (Oubridge et al, 1994) . Nucleotides C5, A6, and C7 are stacked with Tyr13 and Phe56, and are discriminated by base-speci®c hydrogen bonds from the C-terminal residues, Lys88-Ile93 (Oubridge et al., 1994; Zeng & Hall, 1997) . Thermodynamic cycles showed that the stability of the C-terminal helix (Asp92-Met97) is also important to maintain these RNA:RBD contacts (Kranz & Hall, 1998) , where local cooperativity was observed between the C-terminal helix and Tyr13 that is entirely dependent on RNA-binding. The position of the RNA on the surface of the protein may be directed by the C5/Tyr13 and F56/ A6/C7 stacking and is, therefore, critical for formation of the high af®nity complex.
These data indicate that Tyr13 is the focal point for two pathways of local cooperative interactions that affect RNA recognition in this system. One pathway involves recognition of C5, A6, and C7 by the C-terminal tail region. The second pathway involves recognition of A1 and the closing C ÁG base-pair by loop3. Since these two interaction networks overlap at Tyr13, they must be thermodynamically interdependent; mutations in one region of the RNA will affect protein:RNA interactions in another region, thus leading to the observed nonadditivity of energetic contributions as observed for mutations in the RNA and in the protein.
RNA recognition by the general family of RBD domains
The three b-sheet positions corresponding to Tyr13, Gln54, and Phe56 in RBD1 are some of the most conserved solvent-exposed positions among RBD proteins, with an aromatic amino acid usually found at all three of these positions. This work shows how the RBD family of proteins discriminates among RNA sequences through extended networks of interactions involving conserved residues and regions that are unique to a given RBD. Deviations from consensus sequences, such as Gln54 in RBD1, may indicate the presence of unique networks that extend to non-conserved regions, such as extended loops or sequences¯ank-ing the canonical RBD domain. For example, the presence of an extended loop3 sequence is common among RBD domains (Birney et al., 1993) . The length of this loop and the position of the invariant glycine imply a conservation of loop¯exibility among RBD domains (Lu & Hall, 1997 ) that may be relevant to RNA recognition. Many proteins contain several RBD domains, allowing for cooperativity between domains to mediate sequencespeci®c RNA recognition, as in the tandem RBD domains of Sxl (Kanaar et al., 1995; Lee et al., 1997) , U2AF (Zamore et al., 1992) , and hnRNP A1 (Burd & Dreyfuss, 1994b) . Including the possibility of conformational changes coupled to RNA-binding, the rules governing RNA recognition by RBD domains are complex.
The conserved aromatic positions are part of the binding surface in other RNA:RBD interactions, including hnRNP A1 (Merrill et al., 1988) , hnRNP C1 Xu et al., 1997), and Sxl (Kanaar et al., 1995; Lee et al., 1997) . These RBDs have an aromatic residue at each of the three conserved positions that stack with RNA bases; dissociation constants for the binding of these proteins to their respective RNA targets vary considerably (mM to sub-nM). For RBD domains that bind their preferred RNA sequences with high af®-nity, these aromatic positions may be involved in extensive cooperative interaction networks across the surface of the b-sheet, thereby increasing target discrimination. For RBDs that bind weakly to their preferred RNA substrates, with only a small preference over a non-speci®c RNA sequence, the inclusion of these conserved aromatic positions in cooperative interaction networks may be limited or non-existent; in these systems, the conserved aromatic positions may only contribute to non-speci®c stacking with nucleotide bases. The degree to which peripheral amino acid residues communicate with these three b-sheet residues must be assessed on an individual basis.
Conclusions
In this system, the mechanism of RNA recognition involves an extended network of interactions across the RNA-binding surface of RBD1. The interaction network is maintained through local cooperativity, allowing the conserved aromatic b-sheet positions to contribute to RNA recognition. Binding of the RNA itself can both strengthen local coupling and induce new pathways of cooperativity, indicating the RNA plays an active role in RNA:RBD1 association. The general mechanism of RNA recognition by members of the RBD family of proteins is likely to include similar interaction networks. Identi®cation of the binding site cannot be limited to an examination of intermolecular hydrogen bonds or stacking interactions. The entire system, both the protein and the RNA, must be considered as a whole to understand target selection by these conserved domains.
Materials and Methods
RNA synthesis
RNA strands used in binding studies were synthesized as described (Stump & Hall, 1993 ) from synthetic DNA oligonucleotides, using SP6 RNA polymerase. RNA was doubly labeled with [a-32 P]CTP and [a-32 P]UTP. The major transcription product was puri®ed from denaturing polyacrylamide gels, and was resuspended in water after precipitation in ethanol. Labeled RNA was heated to 95 C, then snap-cooled to generate the hairpin.
Site-directed mutagenesis and protein purification
Mutations in RBD1 were made using standard PCR methods (Sambrook et al., 1989) . The Y13F substitution was introduced as described (Kranz et al., 1996) . Mutations to Gln54 and Phe56 were introduced in either the original wt101 plasmid for single mutations, or in the 101(Y13F) plasmid for RBD1 double mutant variants, using a recombinant PCR method (Higuchi, 1990) . The coding strand and anti-coding strand terminal primer sequences are as described (Kranz & Hall, 1998 H -AGGGGC-CAGGCCTGGGTCATCTTCAAG. Each RBD1 variant was sequenced after the PCR products were introduced into the pTac vector (Hall & Stump, 1992) .
Proteins were overproduced following a standard protocol (Hall & Stump, 1992; Kranz & Hall, 1998) .
15 N uniformly labeled proteins were isolated from Escherichia coli grown in minimal media, using [ 15 N]NH 4 Cl as the sole nitrogen source (Lu & Hall, 1995) . Protein concentrations were determined spectrophotometrically based on calculated extinction coef®cients (Edelhoch, 1967; Hall & Stump, 1992) (Kranz & Hall, 1998) . Denaturation is completely reversible as determined by CD spectra and RNA-binding activity of refolded proteins. Data were collected at 22 C on 30 mM protein in 150 mM NaCl, 1 mM MgCl 2 , 10 mM sodium cacodylate buffer (pH 7.0), with 36 separate samples at different GdnHCl concentrations (up to 8 M). Unfolding data were ®t assuming a linear dependence of ÁG D on the concentration of GdnHCl (Pace, 1986) Table 1 are global ®ts to at least two separate data sets; each data set is a duplicate experiment. Data for each protein were ®t with separate native and denatured baselines for each data set and a single value of ÁG folding and m den (Kranz & Hall, 1998) . Nitrocellulose ®lter binding assays were used to determine standard free energies of RNA-binding, ÁG binding , for each of the RBD1 variants (Hall, 1994; Hall & Kranz, 1995) , with a ®xed limiting concentration of 32 P-labeled RNA and varying protein concentrations. Conditions used in binding assays are identical with those used in protein stability measurements, except values of ÁG binding for the 101(Gln54) mutant RBDs and for the 101(Y13F,F56Y) double mutant. Due to their weak binding af®nities, data collected at 150 mM NaCl show biphasic isotherms representing the speci®c and nonspeci®c RNA-binding, differing by a factor of 5 at 150 mM NaCl in the case of the weakest binding RBD1 variant. To avoid interference of non-speci®c binding, measurements of ÁG binding were made at 75 mM NaCl, and extrapolated to their values at 150 mM NaCl after it was determined that each of these mutant RBD1 domains has the same dependence of log(K D ) on log[NaCl] (data not shown) as is observed for wt101 (Hall & Stump, 1992) . All binding isotherms were normalized and ®t to a Langmuir isotherm using a nonlinear least squares algorithm. Reported values represent simultaneous ®ts to at least six separate data sets.
Analysis of thermodynamic cycles
Three-dimensional thermodynamic cycles were constructed from ÁG folding and ÁG binding values as described (Kranz & Hall, 1998) . Analysis of thermodynamic cycles is based on pairwise coupling theory of site-speci®c thermodynamics (Di Cera, 1995, 1998; Di Cera et al., 1997).
The two-dimensional thermodynamic cycle is de®ned by perturbations at two sites i and j (see Figure 3) , with a single pairwise coupling free energy, ÁG ij . The 0 ÁG i value is the free energy of a perturbation at site i (subscript) with no perturbation at site j (superscript, where the binary index is used to de®ne an unperturbed state, 0, and a perturbed state, 1) and 1 ÁG i the free energy of a perturbation at site i in the presence of a perturbation at site j. The interaction energy term, ÁG ij , is equivalent to the pairwise coupling free energy:
The pairwise coupling free energy quantitates the relative change in the local interaction energy between two sites in response to two perturbations. The thermodynamic cycles presented here involve perturbations to three sites, analyzed as a thermodynamic cube; each face of the cube is a thermodynamic square, giving six pairwise coupling free energies for each cycle. Again, a binary index is used to de®ne an unperturbed state, 0, and a perturbed state, 1, in the index [i j k] of the 3D thermodynamic cycle. For a given pair of sites, two pairwise coupling free energies are determined from parallel planes in the thermodynamic cube, and are differentiated by the state of the third site. For example, 0 ÁG c (i, k) and (2) S 2 and t e ; (3) S 2 and R ex , with t e 0; (4) S 2 , t e , and R ex ; (5) S 2 , t s , and S 2 f . In each of the ®ve models, a single global rotational correlation time, t m , is assumed for a given protein. Fitting of t m was performed for each RBD1 as discussed (Lu & Hall, 1997) . Dynamics data were analyzed using software provided by Professor Lewis Kay.
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